l-(0-hydroxybenzyl)adenosine 5'-iS'-methyl phosphorothiolate (5), with subsequent Dimroth rearrangement to give A^6-(o-hydroxybenzyl)adenosine S'-S-methyl phosphorothiolate (6).
The guanosine borate complex (7) Thus, the S'-S-methyl phosphorothiolates of cytokinin-like nucleosides were synthesized by the use of different amine catalysts from both intact and Ar6-substituted nucleosides.
2-Methylthio-4//-l ,3,2-benzodioxaphosphorin 2-oxide (MTBO, 2) is an active phosphorylating agent,1'4~18) which was primarily designed to increase the chemical reactivity of biologically active saligenin cyclic phosphate esters,2'3) and is useful for synthetic phosphorylation of alcohols,x'4'5) nucleosides6) and enediol derivatives.8) MTBOhas two protective groups of different nature in the structure, i.e., the methylthio and ohydroxybenzyl (OHB) groups. These protective groups give MTBO a two-step phosphorylating property: the first step is methylthiophosphorylation by the benzodioxaphosphorin ring fission ofMTBOand subsequent deprotection of the OHBgroup by an amine catalyst, 1999 and the second step is phosphorylation by activating the phosphorus center through removal of the methylthio group in the presence of an oxidizing agent. 6'9'15'16'19) These properties ofMTBOprovide a method to synthesize several biochemically important compounds such as S'^-cyclic nucleotides,6) 2/,3/-cyclic nucleotides,7'14) ribonucleoside 5'-S-methyl phosphorothiolates,6) those reductone 2-phosphate8) and ATP.9)
Amine catalysts highly promote the phosphorylation of nucleosides by MTBO, greatly influencing the reaction rates and yields of the phosphorylated products.13) In addition, amine catalysts play another role in the methylthiophosphorylation of nucleosides by
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serving as an acceptor of the OHB group released from MTBO.5'13) However, the greater the ability of an amine to accept an OHBgroup, the more readily a side reaction proceeds by direct attack of the amine on the methylene carbon of MTBO, resulting in its The guanidine MDC(3) was examined for its catalytic activity, because it is basic and has a great ability to solubilize nucleotides as its salts.30) The adenosine borate complex (1) was allowed to react with MTBO(2) at 0°C for 2 days in the presence ofMDC(3), according to the method for examining the catalytic activity of amines.13) The paper electrophorogram of the reaction mixture showed the exclusive formation of an unusual product which had a lower migration rate on the paper electrophorogram than adenosine 5'-S-methyl phosphorothiolate (5'-ASMP; the usual product from the use of primary or secondary amine catalysts), but still gave a positive test result for the methylthio group.
In a preparative scale for the reaction system, adenosine borate complex (1) at each pH compared with that ofadenosine.24)
The same feature was observed in the case of A^-benzyladenosine 5'-S-methyl phosphorothiolate (7V6-BA-5 -SMP, 10a) and jV6-allyladenosine S'-S-methyl phosphorothiolate (N6-AA-5-SMP, 10b), as shown in Table  I .
These results show that the product was 7V6-OHBA-5 SMP (6).
Synthesis of l-(o-hydroxybenzyl)guanosine 5'-
Whenthe guanosine borate complex (7) was used as a starting material for the same reaction, 1-0HBG-5 -SMP (8) was isolated in a 51% yield. 1H-and 13C-NMRspectroscopy of compound 8 showed the presence of an OHB group on guanosine 5'-S-methyl phosphorothiolate.
UVspectroscopy confirmed the position of the OHB group on the guanosine, the UV absorption maxima of product 8 being about the same in both neutral and alkaline solutions.
This feature was the same as that of 1-methylguanosine 3'(2')-phosphate,24) which resulted from the absence of dissociation of 1-N-H even at high pH values. On the other hand, those of guanosine,240 JV2-methylguanosine 3/(2/)-phosphate24) and 7-methylguanosine26) show a difference in their UVabsorption maximabetween neutral and alkaline solutions (Table I) . These results indicate that the product was 1-OHBG-5 -SMP (8).
Characterization of the intermediate products in the reaction ofadenosine or guanosine borate complex (1 or 7) with MTBOin the presence of MDC using paper electrophoresis
The borate complex of adenosine or guanosine (1 or 7) was allowed to react with MTBOin the presence of MDCat 40°C for 8hr. Aliquots of the reaction mixture were 268 (22,200) 268 (20, 200) 266 (20, Increasing the reaction temperature from 0°t o 40°C greatly increased the solubility ofMDC in DMFand the reaction rate. Methanol was used as the solution to stop the methylthiophosphorylation of the nucleosides by MTBO, as ethylamine buffer solution (pH 9.5, Table  II ). The methanol solution of the reaction mixture with adenosine gave three products, a newmajor product (5), and small amounts of 6 and adenosine S'-S-methyl phosphorothiolate (5'-ASMP) on the electrophorogram at pH 9.5. On the other hand, the spots for the two components, 5 and 1, and 5 and 6, overlapped at pH 9.0 and 10.4, respectively (Table II) . Product 5 just after being extracted from the paper electrophorogram had the same UV absorption band of Amax=260nm at pH 2, 7 and 12. This feature is the same as those of l-methyladenosine24) and 1-benzyladenosine hydrobromide,25) as shown in Table I . Incubating 5 in the pH 12 buffer solution at room temperature for one day changed its UV absorption Xmax from 260 to 268nm, which is the same as that of 7V6-OHBA-5'-SMP (6). Alternatively, the cyclohexylamine-methanol solution of the reaction mixture gave no 5, but did produce major product 6 and a small amount of 5'-ASMP on the paper electrophorogram. These results demonstrate that product 5 was l -(<9-hydroxybenzyl)adenosine S'-S-methyl phosphorothiolate (l-OHBA-5 -SMP), which readily changed into product 6, 7V6-OHBA-5'-SMP,under strongly alkaline conditions such as those in the pH 12 buffer solution and in the methanol solution containing an excess amount of cyclohexylamine.
With guanosine, the best separation of reaction mixture components by paper elec- Whenthe 5/-OH group of adenosine borate complex (1) was activated by MDC(3), the OHgroup attacked MTBO(2) and produced adenosine 5'-<9-(o-hydroxybenzyl) S-methyl phosphorothiolate (4). Then, the 1-nitrogen atom of the adenine ring accepted the OHB group and produced 1-OHBA-5 -SMP (5). The OHBgroup on the 1-N atom was apparently rearranged to the JV6-amino group by a Dimroth rearrangement20'25) and produced N6-OHBA-5-SMP (6), as shown in Scheme 2 In the case of the guanosine borate complex (7), 1-OHBG-5 -SMP (8) The relationships between the structure and catalytic activity of analogs of MDC18)showed that the unique property of MDCas a catalyst resulted at least partially from its bulky structure, which will be discussed in detail in future papers.
Cytokihin-like nucleotides
Cytokinins, a group of plant hormones, are When 7V6-substituted adenosines, e.g., N6-benzyladenosine or 7V6-aHyladenosine, were used as the starting material, and a primary amine was used as the catalyst, 5'-S-methyl phosphorothiolates were produced in a high yield (Scheme 1).
This type of alkylation is also biologically important in connection with the aging reaction of saligenin cyclic phosphate.27)
Experimental
General methods. All the nucleosides were dried in vacuo UVspectra were recorded on a ShimadzuMPS-50or a UV-200spectrometer. UVabsorption maxima data for the nucleotides and their related compounds at pH 2, 7 and 12 are listed in Table I . The following buffer solutions were used as solvents for measuring UV absorption at the final concentrations: pH 2, a 0.05m KC1-0.013M HC1aqueous solution; pH 7, a 0.1m sodium phosphate buffer solution; and pH 12, a 0.05 m KC1-0.012M NaOHaqueous solution. An examination of catalytic activity ofMDC was carried out by using the procedure described in ref. 13.
N6-(o-Hydroxybenzyl)adenosine
5'-S-methyl phosphorothiolate \N6-OHBA-5'-SMP, 6). A mixture of adenosine (5.345 g, 20mmol), metaboric acid (964mg, 22mmol) and DMF (120ml) was dissolved by gentle heating to 120°C with stirring.
Benzene (40ml) was added to the solution, which was then concentrated to about 80 ml under reduced pressure. MTBO (12.96g, 60mmol) was added to the concentrate, which was next cooled to 0°C. MDC(100 mmol) dissolved in DMF(80ml) by heating was added to this concentrated solution, and the mixture wasincubated at 0°C for 2 days. The mixture was then concentrated to dryness in vacuo, and the residue was treated with a mixture of chloroform (200 ml), water (500ml) and^-propylamine 2005 (16ml). The chloroform layer was extracted with an aqueous rc-propylamine solution, and the aqueous layers were combined and evaporated to dryness under reduced pressure. The residue was dissolved in methanol (2 1) and distilled. After removing the metaboric acid by methanol distillation, the residue was dissolved in water. One-fourth part of the solution was applied to a DEAE-cellulose column (bicarbonate form, 6 x 40 cm). After washing with water (10 1), elution was carried out with a linear gradient of 0.01 m triethylammonium bicarbonate (TEABC) (pH 7.5, 51) in the mixing vessel and 0.1M TEABC(51) in the reservoir. Fractions of 400ml were collected, and those fractions containing the product (from No. 7 to No. 16, 268nm unit=61,800, 56.2% yield) were combined and evaporated to dryness. After removing the residual TEABC by repeated co-evaporation with water, the residue was dissolved in water and converted into the sodiumsalt by passing it through a Dowex 50Wcolumn (sodium form).
The eluate was evaporated to dryness, ethanol (50 ml) was added to the residue, and the solution dried by co-evaporation. The resulting white solid was dissolved in methanol (20ml), ethyl ether (180ml) was added, and a white solid precipitated.
Recrystallization of the resulting white solid from methanol (20ml) and ethyl ether (180ml) was repeated three more times to remove saligenin bis-(S-methyl phosphorothiolate),6) a decomposition product ofMTBO. The solid was dried in vacuo to give 1.39g (49.6%) of 7V6-OHBA-5'-SMP (6) sodium salt. Anal. Found: C, 42.61; H, 5.17; N, 12.42 H3, , H4, , H5, and HOD), 6.12 (1H, doublet, 7=5.5Hz, Hr), 8.21 (1H, singlet, H2), 8.30 (1H, singlet, H8 l-{o-Hydroxybenzyl)guanosine 5'S-methyl phosphorothiolate {l-OHBG-5'-SMP, 8). A similar procedure as that used for the synthesis of 7V6-OHBA-5'-SMP (6) was used for the synthesis of compound l-OHBG-5'-SMP (8), except for minor differences. Guanosine (20 mmol) was used and benzene was distilled off without concentrating the reaction mixture. After methanol distillation, the mixture was applied to the DEAE-cellulose column (7.5x68cm) . Elution was carried out with a linear gradient, using water (101) in the mixing vessel and 0.1m TEABC (101) Characterization of the intermediate products by paper electrophoresis. A mixture of a nucleoside (adenosine or guanosine; 1 mmol), metaboric acid (1.1 mmol) and DMF (10 ml) was heated at 120°C. Co-evaporation of the mixture with benzene (3 ml) under reduced pressure was repeated three times to remove traces of water. MDC (3.6mmol) was added to the mixture and dissolved by heating at 50°C. MTBO (1.2mmol) was added to the mixture at 0°C and kept at 40°C for 8hr. Aliquots (0.1ml) of the reaction mixture were withdrawn and injected into a methanol (1 ml) or 0.4 Mcyclohexylamine-methanol solution (1 ml) at room temperature after 10, 20, 30, 40, 50 and 60min, and 2, 4 and 8hr. Each solution was subjected to paper electrophoresis. The spots on the paper electrophorogram were cut out and extracted with water while mixing. Immediately after mixing the extracted solutions with a pH 2, 7 or 12 buffer solution, the UVabsorption spectra were measured. The yield of the product was estimated as the percentage of absorbance of the product to the total absorbance of the nucleoside and its related compounds after correcting with regards to both the molar absorptivitiy of the product and the absorption of the extract from filter paper itself.
The real absorbance at the desired wavelength was obtained for the extract of the componentfrom the paper electrophorogram by substracting the product of the correction factor and absorbance at the longer wavelength without nucleosidic UV absorption bands from the measured absorbance. The correction factor was 1.67 for absorbance at 305nm to give that at 260nm for adenosine-related compounds, and 1.9 for absorbance at 310nm to give that at 255nm for guanosine-related compounds. These factors were obtained from the UV absorption spectra of the extracts from Toyo-Roshi No. 526 filter paper itself after electrophoresis with the boric acid-triethylamine buffer solutions.
N6-Benzyladenosine 5'-S-methyl phosphorothiolate (N6- 10a) . A solution of the borate complex of 7V6-benzyladenosine (9a) was prepared from a mixture of JV6-benzyladenosine (5 mmol), metaboric acid (5.5 mmol) and DMF(30ml) as described before. MTBO(15 mmol) was dissolved in the reaction mixture, and then^-propylamine (50mmol) was added to the mixture at 0°C. The mixture was incubated at 0°C for 4 hr. Following MeOHdistillation (500ml) and washing with chloroform, DEAE-cellulose column chromatography was carried out as described for This spectrum shows the presence ofa benzyl group and adenosine 5'-<S-methyl phosphorothiolate.
N^-Allyladenosine 5'S-methyl phosphorothiolate (N6-AA-5'SMP, 10b). N6-Allyladenosine (5mmol) was used as the starting material, and 7V6-AA-5'-SMP (10b) was synthesized as described before. DEAE-cellulose column (7.5 x 34cm) chromatography was carried out by linear gradient elution with 0.02m TEABC (5 1) in the mixing vessel and 0.1m TEABC (51) in the reservoir. Four-hundred-ml fractions were collected, and a sharp peak containing 7V6-AA-5'-SMP (i267nm unit=91,800, 85.8% yield) was eluted in fraction Nos. This spectrum shows the presence of an allyl group and adenosine 5'-5-methyl phosphorothiolate.
